0
are widespread within a genome and across species. We showed that protein coding 1 1 genes have a ca-0.5 quasi-constant shiftability: given any protein coding sequence, at 1 2 least 50% of the amino acids remain conserved in a frameshifted protein sequence. In are more conservative than those to random codon substitutions, and the frameshift 1 5 tolerability of the natural genetic code ranks among the best 6.3% of all compatible 1 6 genetic codes. Hence, the shiftability of coding genes was predefined by the genetic 1 7 code, while additional sequence-level shiftability was achieved through biased usages 1 8 of codons and codon pairs. We concluded that during early evolution the genetic code was optimized to tolerate frameshifting. Frameshift substitution.
8
The amino acid substitution score of a frameshift codon substitution is defined as to compute the average substitution scores for distinct kinds of codon substitutions by 1 1 using a scoring matrix (BLOSSUM62, PAM250 or GON250).
1 2
Computational analysis of alternative codon tables 1 3
A java program, Frameshift-GC, was written to produce "compatible" alternative alternative genetic codes were randomly selected from all (20! = 2.43290201×10 18 )
codon substitutions. As shown in Table 3 are kept unchanged in frameshifting, only a small proportion (28/512=5.5%) of the 6 frameshift codon substitutions are synonymous (Table 4) , and the others (95. 
the early evolution of the genetic code [2] . In addition, it was reported that only one in 1 every million alternative genetic codes is more efficient than the natural genetic code, 2 which is extremely efficient at minimizing the effects of point mutation or translation 3 errors [3] . It was demonstrated that the natural genetic code is nearly optimal for 4 allowing additional information within coding sequences, such as out-of-frame hidden 5 stop codons (HSCs) and secondary structure formation (self-hybridization) [5] .
6
In the above, we showed that the code-and sequence-level shiftability of coding
However, the shiftability of protein coding genes may also contribute, at least partially, 1 to the functioning, repairing and evolution of the frameshifted protein coding genes. 
Conclusion

3
The above analysis conclude that frameshift homologs are widespread within 4 and across species, and this is because the genetic code was optimized for frameshift 5 tolerating. The shiftability of coding genes guarantees a near-half conservation after a 6 frameshifting event, endows coding genes an inherent ability to tolerate frameshifting.
7
The natural genetic code, which exists since the origin of life, was optimized by 8 competition with other alternative genetic codes during early evolution [112] [113] [114] [115] . As 9 the bottom design for all genes and genomes for all species, the natural genetic code 1 0 allows coding genes to tolerate both forward and backward frameshifting, could have 1 1 a better fitness in the early evolution. Thanks to this ingenious property of the genetic 1 2 code, the shiftability serves an innate mechanism for protein-coding genes to deal 1 3 with frameshift mutations, by which the disastrous frameshifting events were utilized,
becoming a driving force for molecular evolution.
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Figure Legends The alignment of coding sequences, with highlights showing that the coding genes contain several 2 9 frameshifting events. In other words, the coding gene is expressed in different reading frames in 3 0 
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